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Abstract: In the present paper, nanosized barium titanate (BaTiO3) powders were synthesized by microwave hy-

drothermal method. The structural characterization of as-prepared powders was investigated using X-ray diffraction and

Fourier transform infrared spectroscopy. The particle size was estimated using a transmission electron microscope. The

nanopowders were sintered at different temperatures using a microwave furnace, followed by characterizations such as

X-ray diffraction and field emission scanning electron microscopy. The dielectric constant behavior was observed as a

function of frequency (100 Hz to 1 MHz) and temperature. The ferroelectric nature was confirmed from polarization-

electric field loops.
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1. Introduction

Ferroelectric ceramics with perovskite structure like barium titanate (BaTiO3 ) are extensively used in the

electronics industry for the fabrication of multilayer ceramic capacitors, piezoelectric transducers, positive

temperature coefficient resistors, and ferroelectric memories. For these applications, materials of high dielectric

constants and low losses are required. The synthesis of barium titanate nanoparticles with controlled size

and composition is of fundamental technological interest [1,2]. In the past decade, extensive studies have

been conducted for synthesizing nanosized BaTiO3 powders with narrow particle size distribution, controlled

morphology, and high purity [3].

Powders prepared using different synthesis routes have problems due to chemical inhomogeneity and

reactivity. In addition, it gives a wide range of grain sizes, and very little control is possible for the size, shape,

and agglomeration of particles. Thus, alternate routes to synthesis based on novel low-temperature processes,

like the microwave hydrothermal (M-H) method, are of significance to yield high-purity, ultrafine powders with

controlled morphology and size of particles. Various low-temperature routes involving organometallic precursors

like alkoxides, acetates, oxalates, nitrates, and citrates of Ba and Ti have been used in the past to obtain BaTiO3

[4–6]. Apart from these methods, sol-gel [7], sol-precipitation [8], and hydrothermal [9] and organic polymeric

precursor [10] routes have been used for the preparation of BaTiO3 powders. In the present investigation, the

nanopowders of BaTiO3 were prepared using the M-H method. This technique exhibits better control over

particle size, crystallinity, and dispersibility of synthesized BaTiO3 nanoparticles.
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In the present work, we have done a systematic study of synthesis and the microwave sintering process

at different temperatures, and of their characterization.

2. Experimental

The synthesis of nanosized BaTiO3 powders was reported by the authors elsewhere [11]. The fundamentals of

microwave heating were discussed in detail by Metaxas and Binner [12]. The as-prepared powders were char-

acterized by X-ray diffraction (XRD), transmission electron microscope (TEM), and Fourier transform infrared

(FTIR). XRD was carried out using a Philips (PANalytical) X-ray diffractometer with Cu-Kα radiation (λ =

1.5406 Å) to characterize the as-prepared BaTiO3 powders. The particle size and morphology were investigated

using a TEM (Model JEM-2010, JEOL, Tokyo, Japan). FTIR spectra were recorded on a Bruker Tensor 27

spectrophotometer from 4000 cm−1 to 375 cm−1 using the KBr pellet method. Sintering is a process by which

powder compacts are strengthened at elevated temperatures. It usually involves volume shrinkage and densifi-

cation in reduction of porosity. The process of sintering is very often studied by measuring shrinkage or density

of the materials. In the present investigation, BaTiO3 was mixed with a 2 wt.% polyvinyl alcohol (binder) and

pressed at a pressure of 6 MPa for 1 min into pellets (3 mm in length, 10 mm diameter) without any lubricant.

The samples were sintered at different sintering temperatures of 800, 850, 900, and 950 ◦C/30 min using a mi-

crowave sintering method and were characterized using XRD and scanning electron microscope (SEM) (LEICA,

S440i, UK). The SEM was operated at 10 kV to 20 kV of accelerating voltage with 10,000× magnification. The

magnification was kept constant for all the samples for the sake of comparison. The confirmation of ferroelectric

nature was made by studying polarization (P)-electric field (E) loop measurements. One consequence of the

domain-wall switching in ferroelectric materials is the occurrence of the ferroelectric hysteresis loop. This study

helps in understanding different physical processes that take place in ferroelectric materials, e.g., domain-wall

pinning, defect ordering, and the nature of defects [13]. The P-E measurements were made at room temperature

using a Sawyer-Tower circuit (radiant ferroelectric tester, RT-66A).The measurements were carried out on the

samples whose thickness lay between 0.4 and 0.8 mm. The samples were kept in a sample holder, which was

dipped in silanol oil, and an electric field was applied. From the hysteresis loops, the remanent polarization,

which determines the charge retained by the sample, and the coercive field were estimated.

3. Results and discussion

3.1. Characterization

Figure 1 shows the X-ray powder diffraction patterns for BaTiO3 powder. It is observed that the powders have

a pure tetragonal phase confirmed from the (1 1 0) peak. The broad peaks in the XRD indicate the nano nature

of samples. The impurity phase of BaCO3 (at 2θ ∼34◦) in Figure 1 was not detected in the XRD pattern.

The lattice constant of the ferroelectric phase was a = 4.000 Å and c = 4.012 Å.

The average particle size of the as-synthesized powders of BaTiO3 was estimated from the X-ray line

broadening of the (1 1 0) peak using the Scherer formula [14]:

D =
0.9λ

βCosθ
,

where D is the average particle size, λ is the wavelength of X-rays used, and β is the width of the diffraction

peak at half-maximum for the diffraction angle 2θ .
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Figure 1. XRD pattern of as-synthesized BaTiO3 powders.

The lattice constant (Å) for the present samples is calculated by using a given set of planes (h k l) and

using the following equations.

For cubic crystals, dhkl is given by:

dhkl =
a√

h2 + k2 + l2
Å. (1)

For tetragonal crystals, dhkl is given by:

1

d
=

√
4

3
(
h2 + k

a2

2

) +
l2

c2
Å

−1
. (2)

The Archimedes principle [8] was used to measure the bulk density (dbulk) of all the prepared ferroelectric

samples. The bulk density of the sample is given by

dbulk =
Mair

Mair −Mxylene
dxyleneg/cm

3, (3)

where Mair is mass of the sample in air and Mxylene is mass of the sample in xylene.

The X-ray position and the intensity maximum corresponding to each peak vary depending on the amount

of ferroelectric phase. The X-ray density of individual phases was calculated from the values of the calculated

lattice parameters using the following relation:

dx =
8M

Na3
g/cm3, (4)

where M is the molecular weight, N is the Avogadro number, and ‘a’ is the lattice constant. With the knowledge

of X-ray density (dx) and bulk density (dbulk), the value of porosity for the samples is estimated using the

following relation.

Porosity (P%) = (1− dbulk
dx

)× 100 (5)
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Figure 2 shows the TEM picture of the BaTiO3 powders. It can be seen that the powder particles are well

distributed and the size of the powders is ∼30 nm. These values are in agreement with those calculated from

XRD peaks. It can also be seen from the selected area electron diffraction (SAED) photograph that particles

possess uniform size and spherical morphology.

Figure 2. TEM and SAED pictures of BaTiO3 powders.

3.2. FTIR analysis

Figure 3 shows the FTIR spectra of the as-synthesized BaTiO3 powder. FTIR was found to be the most

sensitive technique for the detection of BaCO3 [15]. It can be observed from Figure 3 that the cubic BaTiO3

powder has symmetry and hence it shows 2 absorption bands due to the Ti-O− stretching vibration along the

polar (c) axis and the O | -Ti-O || bending vibration of TiO6 octahedra in the ranges of 640–480 and 480–375

cm−1, respectively. Thus, the 2 bands with the center positions at ∼570 cm−1 and 420 cm−1 were found to be

almost corresponding with the Ti-O | stretching vibration of the vertical and the O | -Ti-O || bending vibration of

the TiO6 octahedron of the cubic BaTiO3. The band at 850 cm−1 is ascribed to the antisymmetric stretching

vibration of NO−1
3 , arising from the residual nitrate. The peak at ∼1440 cm−1 corresponds to the asymmetric

stretch of the simple carbonate ion CO−2
3 .

Figure 3. FTIR spectra of as-synthesized BaTiO3 nanopowders.
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Figure 4 shows the XRD patterns of BaTiO3 sintered at different temperatures. All the peaks were

indexed with JCPDS Card No.: 82-1175. No impurity phase was observed in the XRD. The values of lattice

parameters, X-ray density, bulk density, and porosity are given in Table 1. It could be seen that as the sintering

temperature increases, the lattice constants were increasing from 3.898 to 3.999 Å due to the unit cell expansion.

The bulk densities of the samples were also increasing with temperature due to the fact that a rise in temperature

results in grain growth, thereby decreasing the porosity.

Figure 4. XRD patterns of BaTiO3 sintered at different temperatures.

Table 1. Data of lattice parameters, X-ray density, bulk density, and porosity of sintered samples.

Sintering Lattice parameters X-ray density Bulk density Porosity
temperature a (Å) c (Å) (dx) (db) (P)
(◦C/30 min) (g/cm3) (g/cm3) (%)
800 3.898 4.000 5.164 4.337 16
850 3.899 4.000 5.099 4.383 14
900 3.992 4.002 5.096 4.434 13
950 3.999 4.004 5.086 4.526 11

Figure 5 shows the SEM picture of the sintered BaTiO3 samples. The microstructure properties such

as grain size, grain distribution, porosity, presence of different phases, and interphases in these materials

significantly influence the properties. It is therefore essential to have a detailed microstructure analysis of

the sintered materials. It is clear from the photographs that the samples possess fine crystallites with dense

microstructure. Table 2 gives the values of grain sizes at different sintering temperatures. As the sintering

temperature increases, the average grain size also increases, and it was found to be in the range of 65 to 110
nm.
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Figure 5. SEM images of the sintered BaTiO3 samples.

Table 2. Data of grain size, ferroelectric properties, and dielectric properties.

Sintering Grain size Ps Ec ε′ tanδ
temperature
(◦C/30 min) (nm) (µC/cm2) (kV/cm)
800 65 — 15 63 0.006
850 78 21 9 70 0.009
900 90 24 8 84 0.012
950 110 33 3 90 0.017

3.3. P-E measurements

Figure 6 shows the room temperature ferroelectric hysteresis loops of BaTiO3 sintered at different tempera-

tures. The sintered samples exhibit typical ferroelectric hysteresis, which indicates that they are spontaneously

polarized. The ferroelectric hysteresis behavior gradually strengthens with an increase of sintering temperature.

The values of polarization (Ps) and coercive field (Ec) (Ps and Ec taken from the positive intercept of the fer-

roelectric hysteresis loops at zero polarization) are given in Table 2. The polarization increases and the coercive

field decreases with an increase of sintering temperature, which implies that the samples are becoming more

easily polarized under the applied electric field. A gap exists in the P-E curves when the electric field becomes
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zero. Another phenomenon is that the positive coercive field (+Ec), positive remnant polarization (+Pr), and

their negative counter parts are asymmetric about the original point. According to Li et al., the uneven pinning

of the domains in the samples contributes strongly to the asymmetry of the P-E loop [16]. Because the domain

walls in ferroelectrics are relatively thin, they can be pinned by point (atomic) defects or charged species such

as electrons, which may diffuse into charged domain walls [17–22]. Other pinning mechanisms are associated

with the fields created inside grains by electrical [23] and/or elastic dipole defects [24]. Movement of domain

walls can also be inhibited by imperfections at the grain boundaries, and dislocations, or could be related to the

grain-size-induced internal stresses [25–27]. The tilt of the loops can be explained by the presence of a dielectric

layer on the top of the ferroelectric material [28,29]. This layer, which has a lower dielectric constant than

the ferroelectric material, separates the bound charges that are due to the ferroelectric polarization from the

compensating charges on the electrodes. Because of the incompletely compensated polarization charge, a field,

called the depolarizing field, will develop across the ferroelectric material, even if the top and bottom electrodes

are shorted. The tilt of the loops can thus be taken as an indication of the presence of a low dielectric-constant

(‘passive’) layer in series with the ferroelectric layer.

Figure 6. Ferroelectric hysteresis loops of BaTiO3 samples.

3.4. Dielectric studies

3.4.1. As a function of frequency

Figures 7a and 7b give the frequency dependence of the dielectric constant (ε′ ) and dielectric loss (tanδ) for

all the samples in the range of 100 Hz to 1 MHz at room temperature, respectively. Table 2 gives the room

temperature values of the dielectric constant and tanδ at 1 MHz. It may be noted from Figure 7a that as the

frequency increases, the values of the dielectric constant (ε′ ) decrease and remain constant at higher frequencies,

indicating dielectric dispersion. This may be attributed to the dipoles resulting from changes in valence states of

cations and space-charge polarization [30]. It can be observed that the values of the dielectric constant increase
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as the sintering temperature increases. The increase of dipoles leads to the increase of local displacements in the

direction of the externally applied electric field for electrons, and the increased polarization causes a significant

enhancement of the dielectric constant [31]. At higher frequencies, the dielectric constant remains independent

of frequency due to the inability of the electric dipoles to follow the alternating applied electric field [32].

Figure 7b shows the frequency variation of dielectric loss (tanδ) for all the samples under investigation.

It can be seen that the value of tanδ increases at low frequencies and decreases at higher frequencies, which is

similar to the results displayed in Figure 7a, as for hopping frequency equal to or nearly equal to that of the

external applied field, the value of dielectric loss increases at a higher frequency. At low frequencies the value

of tanδ is considerably high due to the contribution of DC conductivity.

Figure 7. Frequency dependence of a) dielectric constant (ε′ ) and b) dielectric loss (tanδ) at room temperature.

3.4.2. As a function of temperature

Figure 8 shows the temperature dependence of the dielectric constant (ε) of BaTiO3 at 1 kHz for all samples

under investigation. The dielectric constant increases with an increase of temperature up to Curie temperature

(Tc) and then decreases. Since the charge hopping is a thermally activated process, dielectric polarization

increases with increasing temperature, resulting in an increase of the dielectric constant. The dielectric constant

(ε) of a material has 4 polarization contributions: electronic polarization (εe), ionic polarization (εi), dipolar

polarization (εd), and space-charge polarization (εs). Response frequencies for electronic and ionic polarization

are ∼1016 and 1013 Hz, respectively, and at frequencies above 100 kHz, contribution from space-charge

polarization is not expected [33]. This saturation of space-charge polarization results in low dielectric constant

values at higher frequencies. As frequency is increased, the dielectric constant is observed to decrease in all the

samples, which is a normal behaviour of these materials [34], and at a frequency of 100 kHz, contribution from

space-charge polarization is likely to be dominant [35]. The decrease in the dielectric constant is rapid at lower

frequencies and becomes slower at higher frequencies. At the higher frequencies, the dipoles cannot follow the

applied AC electric field, resulting in the decrease of the dielectric constant at higher frequencies. The high

values of the dielectric constant at low frequencies can thus be attributed to the presence of such space charges

in the samples. At lower frequencies, the dipolar and interfacial polarizations contribute significantly to the

dielectric constant. Both of these are temperature-sensitive; hence, the dielectric constant increases at higher
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rates for 1 kHz as compared to other frequencies (i.e. 10 kHz, 100 kHz, and 1 MHz not shown in Figure 8). At

high frequencies only electronic polarization becomes significant, rather than dipolar.

Figure 8. Temperature dependence of dielectric constant of BaTiO3 at 1 kHz.

It can be observed from Figure 8 that the Curie temperature (Tc) for BaTiO3 was nearly 137 ◦C at

1 kHz, which is slightly greater than in earlier reports [36]. This rise in Tc is attributed to the larger grain

size (Table 2.) [37]. Hiroshima et al. [38] reported a close relation between the Curie temperature and internal

stresses developed in the constrained grains at the phase transition temperature. The internal stress can shift

the Tc to higher temperatures with increased grain size [39].

4. Conclusions

The nanopowders of BaTiO3 were synthesized using the M-H method at 160 ◦C/45 min. The FTIR spectra of

BaTiO3 show 2 absorption bands in the ranges of 640–480 and 480–375 cm−1 due to the stretching vibration

along the polar (c) axis and bending vibration of TiO6 octahedra, respectively. No impurity phases were

observed. Sintered XRD patterns showed formation of BaTiO3 . The lattice parameters were found to be

increasing from 3.897 to 3.999 Å with sintering temperature. The grain sizes of all the samples were found to

be in the range of 65 to 110 nm. The values of polarization and the coercive field of the sintered samples were

found be increasing and decreasing with an increase of sintering temperature. The dielectric constants of the

samples were increasing from 63 to 90 with increase of temperature.
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